The mechanical behavior of freestanding gold membranes 0.5 µm thick with and with out passivation layers was studied with the Membrane Deflection Experiment (MDE).
INTRODUCTION
Thin films have long been harvested by the microelectronic industry for their unique properties. Conventional thinking has usually categorized their electrical properties as the property of primary importance. In the past decade and a half though, other nonelectronic properties such as chemical and mechanical have been found to also have great significance. [1] [2] [3] Mechanical properties in particular are critical when concerned with the Submitted to the Journal of Nanoscience and Nanotechnology, 2001 .
fact that devices must have structural integrity and also be reliable throughout their life expectancy.
In the extensive use of thin films in the microelectronic industry, particularly in CMOS (complementary metal-oxide semiconductor) transistors, a variety of materials are brought into contact with each other to create the unique function of the device, see mobility. [4] [5] [6] These effects come from either underlying substrate layers or overlying passivation or "capping" layers. The passivation layers may serve as a functional element of the device, a means to alter the lattice of the underlying layer, or simply as a barrier to reduce electromigration and other diffusion driven processes. layers, the strength of which is a function of their susceptibility to these effects from the underlying and capping layers.
Stress and strain inside the films can result in the formation of misfit dislocations if the film is sufficiently thick. 4, [8] [9] [10] [11] [12] The formation and density of dislocations are important in tailoring electronic properties of some devices. [13] [14] [15] [16] [17] Typically, the presence of substrate and passivation layers have a strengthening effect on the film, in that dislocation nucleation and motion are hindered by lattice distortions. 1, 5, 18 The dislocations that are formed are confined and can only move along the slip planes in the film. They will glide along these planes until they become pinned and or pile-up at the film interfaces. Also, the presence of a passivating layer obstructs dislocations from forming steps when they reach the sur face. 19 The stress applied to the film must be at a critical level in order for these processes to occur. 20 A model developed by Freund [21] [22] [23] relates dislocation motion to this critically necessarily stress level. In considering the motion of a single dislocation in the film Freund found that the shear stress needed to drive a dislocation in a passivated film was 1.75 times that required to drive the same
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dislocation in an unpassivated film. Similar strengthening behavior was observed in experimental studies. 7, [24] [25] [26] [27] [28] [29] It is clear that a thorough understanding of the mechanical properties of passivated thin films is needed even in the case of an embedded layer whose only function is electronic in nature. In this paper we study the effect of passivation layers on plasticity and fracture of thin gold films. We use an experimental approach developed by Espinosa and coworkers. [30] [31] [32] [33] [34] Freestanding membranes were fabricated, using surface and bulk micromachining processes, with passivation layers of SiO 2 grown on either side. The membranes are in a fixed-fixed configuration spanning a specially micro-machined window. A Membrane Deflection Experiment (MDE) was used to achieve uniform direct tensile testing on the films in the absence of strain gradients. [30] [31] [32] [33] [34] The test identifies film residual stress, Young's modulus, onset of plasticity, and fracture stress.
EXPERIMENTAL PROCEDURE
Specially designed thin film Au specimens were microfabricated on (100) Si wafers.
Specimen shape was defined on the top-side by photolithography and lift off. On the bottom side windows were etched through the wafer, underneath the specimens, with the purpose of creating suspend membranes. The passivation layers were grown on both sides of the gold membrane through sputtering deposition. The geometry of the suspended thin-film membranes can be described best as a double dog-bone tensile specimen. A more detailed description of their fabrication and shape is given in Espinosa
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et al. 32 Figure 2(a) shows an optical image of the Au membranes. Membrane width was varied in each die, to examine size effects, while preserving the ratio length/width. This geometry was chosen to minimize stress concentrations and boundary-bending effects.
Dimensions of four differently sized membranes can be described by their characteristic widths, W, of 2.5, 5, 10 and 20 um.
The Membrane Deflection Experiment (MDE) was used to achieve direct tensile stressing of the specimens. [32] [33] [34] The procedure involves applying a line-load, with a nanoindenter, at the center of the spanning membrane. Simultaneously, an interferometer focused on the bottom side of the membrane records the deflection. The result is direct tension in the gauged regions of the membrane with load and deflection being measured independently.
The data directly obtained from the MDE test must then be reduced to arrive at a stressstrain signature for the membrane. The load in the plane of the membrane is found as a component of the vertical nanoindenter load by the following equation:
where (from Figure 2b ) θ is the angle of deflection, ∆ is the displacement, L M is the membrane half-length, P M is the load in the plane of the membrane, and P V is the load measured by the nanoindenter. Once P M is obtained the Cauchy stress, σ(t), can be computed from:
( ( ) )
where A is the cross-sectional area of the membrane in the gauge region. The crosssectional area dimensions were measured using an Atomic Force Microscope (AFM).
The interferometer yields vertical displacement information in the f orm of monochromatic images taken at periodic intervals. The relationship between the distance between fringes, δ, is related through the wavelength of the monochromatic light used.
Assuming that the membrane is deforming uniformly along its gage length, the relative deflection between two points can be calculated, independently of the nanoindenter measurements, by counting the total number of fringes and multiplying by λ/2. Normally part of the membrane is out of the focal plane and thus all fringes cannot be counted. By finding the average distance between the number of fringes that are in the focal plane of the interferometer, an overall strain, ε(t), for the membrane can be computed from the following relation,
This relationship is valid when deflections and angles are small. Large angles require a more comprehensive relation to account for the additional path length due to reflection
off of the deflected membrane. This task and further details are given by Espinosa et al. 32 For this study, deflection angles of all four membrane sizes are small and thus the above equation is used.
RESULTS AND DISCUSSION

Membrane Deflection Results
The microstructure of the 0.5 µm thick gold membranes consisted of equiaxed grains roughly 250-300 nm in diameter. The load carrying contribution from the passivation layers was then subtracted from the total load to obtain the response of only the gold film. This was accomplished by using a
Young's modulus for SiO 2 of 70 GPa. The formulae are: P M = P Au +P SiO2 ; where P M is measured and P SiO2 = ε(t)E SiO2 with ε(t) measured interferometrically. The reduction in Young's modulus for the three larger passivated films presents an enigma. Computational studies show that variations in Young's modulus can occur, due to statistical effects, when the number of grains through the width is below 1000. 35 However, extensive experiments conducted on unpassivated gold membranes, 32 did not exhibit the variations in Young's modulus highlighted here. It should be noted that at this size scale, it is difficult to determine if compatibility of deformation exists. In fact, the passivation layer may develop multiple cracks, as the composite film is continuously deformed. We have performed SEM and AFM observations of the tested membranes, after loading, and no evidence of multiple cracking was observed. In our opinion this does not totally rule out the possibility of multiple cracking in the SiO 2 films, but just the
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inability to observe cracks that are closed or exhibit extremely small openings upon unloading. In-situ electron microscopy testing of freestanding films may be required to further elucidate the compatibility. Another more likely source of error is the assumed Young's modulus for the SiO 2 films. It is known that variations in E can result from deposition parameters and substrate effects.
The stress parameter data are summarized in Table 1 for all the membrane sizes. Several trends are apparent. First of all, it is clear that a size effect is governing the strength of the films. In previous work by the authors, on unpassivated films, specimen width was shown to significantly alter the stress-strain behavior of the membranes causing substantial changes in yield stress and fracture stress. 16 With this effect aside, the results reported in Table 1 forms in the passivation layer, it may act as a stress concentrator and cause the Au membrane to fail at lower than normal stress and strain levels. Figure 8 is an SEM image of a fracture in an unpassivated membrane 20 µm in width.
Microstructural Observations
Note that the specimen is at a 45° tilt. The fracture edge is rough and follows a random path across the width. Other observable features are ductile-like fingers in the stretching direction. In comparison to this, and shown if Figure 9 , is an SEM image of a fracture for a passivated membrane 5 µm in width. Clearly visible on both sides of the membrane are the fracture edges of the SiO 2 passivation la yer. They are highlighted with arrows in the figure. Note that they run directly perpendicular to the membrane's width. Protruding further out are the fracture surfaces of the gold film. They closely resemble the unpassivated edges, in that, they are rough and also contain ductile-like fingers.
However, large plastic deformation of the gold seems to have been confined to this region where the passivation layer failed. All passivated membranes, regardless of width, failed by this manner. the passivation layer appears to indeed be a continuous film throughout the membrane.
The magnitude and effect of the residual stress in the membrane, as a result of the passivation layer, can be seen in Figure 11 . The image shows an untested passivated membrane with a crack emanating from a notch. The notch was micromachined into the gold, prior to deposition of the passivation layer, to provide geometry conducive to studying the effect of stress concentrations. An examination of notches in numerous unpassivated membranes revealed no such cracks in any of the specimens. However, they
were found to exist in most passivated membranes containing notches, particularly those of larger width. There is uncertainty though as to whether the crack exists only in the passivated la yer or in the gold as well.
CONCLUSIONS
The MDE test was performed on freestanding gold films 0. 
